Recently, organic thin-film transistors ͑OTFTs͒ had attracted lots of interest for the applications such as organic electronics or flexible displays. [1] [2] [3] To improve the OTFTs performance, gate dielectric films with smooth morphology, low leakage current, and high relative electrical permittivity are needed. In recently progress, the spin-on polymer dielectrics have been intensively studied. [4] [5] [6] However, pinholes may arise when the polymer thickness is reduced. This results in the rough surface as well as the leakage current of the dielectric film. On the other hand, several high-k materials were proposed to lower down the OTFT operation voltage. [7] [8] [9] [10] For these ceramic-based high-k dielectrics, high leakage current is also a critical issue to overcome. [11] [12] [13] In this paper, we fabricated the OTFTs using AlN film as a gate dielectric. The AlN film has high chemical stability, high physical stability, and high dielectric permittivity.
14 In our experiment, lowtemperature sputtered AlN film has low leakage current density ͑about 10 −9 A/cm 2 at 1-2 MV/cm͒, high breakdown field ͑about 5 MV/cm͒, and fine surface property ͑roughness less than 0.2 nm͒ for the fabrication of pentacene-based OTFTs.
Experimental
The low-temperature AlN films were deposited by a radiofrequency inductively coupled plasma ͑rf-ICP͒ system. 15 In this system, a 2 in. Al target ͑purity 99.999%͒ of the rf gun was immerged in a 4 in. inductive coil which can be controlled by an independent rf coil power. Before the AlN deposition, the n + -Si wafer used as the substrate was rinsed in the deionization water, followed by the acetone with ultrasonic to remove the particles and the impurities. Right before we transferred the wafer into the rf-ICP system, we dipped the wafer in the dilute HF solution ͑HF:H 2 O = 1:100͒ to remove the native oxide on the Si wafer. The system was pumped down to a base pressure less than 2 ϫ 10 −6 Torr before admitting gas in. A mixed gas of argon and nitrogen was monitored by mass flow controllers at a Ar:N 2 ratio of 2:9. AlN films were deposited at a total pressure of 2.5 mTorr and at a substrate temperature varied from 150 to 250°C. The rf gun and the inductively coupled coil power can be varied from 0 to 200 W and 0 to 180 W, respectively. All the relative experimental details were published in the previous reports.
14 The thickness of AlN was estimated by the cross-sectional image of the scanning electron microscopy ͑SEM͒. After the AlN film was deposited, we deposited the pentacene film through the shadow mask. The pentacene material obtained from Aldrich without any purification was placed directly in the thermal coater for the deposition. The substrate was heated to 70°C during the deposition at around 1 ϫ 10 −6 Torr. The thickness of pentacene film was about 100 nm and the deposition rate was ϳ0.5 Å/s, monitored by the quartz crystal oscillator. Then, we deposited Au as the source/drain electrodes on the pentacene film. The thickness of the electrode pad is 1000 Å, and the channel width and length were defined as 600 and 100 m. Metal-insulator-semiconductor ͑MIS͒-Au/AlN/Si was also fabricated to analyze the gate leakage and the dielectric properties. The area of the Au pad was 500 ϫ 500 m. All electrical properties were measured by Agilent 4156 and Agilent 4284 analyzers.
Results and Discussion
First, we discuss the electrical properties of the MIS capacitance structure. The leakage current density measured from the MIS structure with 95 nm thick AlN is shown in Fig. 1 . AlN films deposited at different temperatures are compared. For AlN deposited at 150°C, low leakage current density about 1 ϫ 10 −9 A/cm 2 can be obtained at electric field as 1 MV/cm and the breakdown field is more than 5 MV/cm. These dielectric properties are comparable to those of the thermal SiO 2 , high-k, or polymer gate dielectrics in some reports. 4 and the device output current is enlarged more than one order. Because the subthreshold swing represents the interface quality and the defect density, we calculate the maximum interface trap density by the approximation [16] [17] [18] 
where S is the subthreshold swing, C i is the capacitance density, k is Boltzmann's constant, and T is the absolute temperature. By assuming C i = 64 nf/cm 2 and S = 0.4 V/decade, the approximate interface trap density in our devices is 2.28 ϫ 10 12 cm −2 eV −1 . This result is comparable to other dielectrics in OTFTs. 4, 16, [19] [20] [21] Additionally, lowering the AlN temperature also reduces the device be further studied by comparing their field effect mobility in Fig. 3 . The mobility is extracted from the linear region transconductance as
͓2͔
The optimum electrical performance occurs for the devices made with the 150°C AlN films. The field-effect mobility increases with gate-voltage and then reaches a saturated value of 0.24 cm 2 /V s at about −12 V. When we compare the mobility of devices with 150°C AlN film, 200°C AlN film, and 250°C AlN film, obviously the former has mobility much larger than the other two. Those devices with AlN deposited at 250°C, exhibit much lower maximum mobility around 10 −3 cm 2 /V s. It is also observed that the field-effect mobility of devices with 250°C AlN film suffers pronounce degradation under high gate bias. Because the field-effect mobility can be strongly affected by the dielectric conditions, 22, 23 we compared the surface morphology and the leaky properties of these AlN films deposited at different temperatures. As shown in Fig. 4a-c , the AFM images reveal that the average surface roughness decreases from 0.34, 0.24, to 0.14 nm while the deposition temperature is reduced from 250, 200, to 150°C. The reduction of roughness is attributed to the inhibition of crystallization of the film at low deposition temperature. On the other hand, as shown in Fig. 1 , the leakage current density of AlN film also decreases with decreasing deposition temperature. It is known that the surface irregular causes locally strong electric field and results in leakage. 24 Reducing the roughness effectively suppresses the leakage and also reduces the surface scattering effect. Moreover, dielectric surface roughness is also a crucial parameter that influences the pentacene deposition. 25 When we compare the morphology of pentacene film grown on these three kinds of AlN films in Fig. 4d-f , pentacene film turns to be dendritic structure and exhibits larger grain size as the AlN surface becomes smoother. Therefore, it can be concluded that lowering the AlN deposition temperature gives smaller leakage current and larger pentacene grain size. The field effect mobility is accordingly improved. The process is promising for the development of low-temperature OTFTs.
Conclusions
The pentacene-based OTFTs with AlN gate insulator had been fabricated and characterized. By using rf-ICP sputtering system, AlN film exhibiting low leakage current and high breakdown field can be deposited at low temperature. The surface roughness can be controlled to be less than 2 Å by lowering the deposition temperature. As a result, the morphology is suitable for the pentacene dentritic structure growth and therefore improves carrier mobility. The field effect mobility about 0.24 cm 2 /V s and the subthreshold swing about 0.4 V/decade can be obtained from our devices. Further improvement is expected by pentacene purification in future studies.
